Introduction {#Sec1}
============

The search for dark matter is of prime importance for our understanding of the universe. This goal is pursued using a wide variety of approaches, given the very large spectrum of interpretations predicting particles with a mass range between $\documentclass[12pt]{minimal}
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                \begin{document}$$\upmu $$\end{document}$ev, multi TeV and even beyond, from axions to wimpzillas.

On recent times several hints for detection have come from Indirect Dark Matter Detection (ID) searches, i.e. lines at 3.5 KeV \[[@CR1], [@CR2]\] and 130 GeV \[[@CR3], [@CR4]\] and the $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$-ray excess from the galactic center \[[@CR5]\]. No consistent picture emerges so far. Moreover, this kind of signal can be attributed to astrophysical sources or instrumental effects \[[@CR6], [@CR7]\].

Similarly previous hints in Direct Detection (DD) seem contradicted by recent results by SuperCDMS \[[@CR8]\], XENON100 \[[@CR9]\] and LUX \[[@CR10]\], unless rather particular scenarios are assumed (see e.g. \[[@CR11], [@CR12]\]). These experiments are reaching increasingly higher sensitivities and are thus capable to probe a very broad range of models.

Collider searches are therefore the necessary complement for a safe conclusion on this essential investigation. Here we will focus on the prospects offered by future $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$ colliders (see also \[[@CR13]--[@CR17]\] for similar studies), in particular the International Linear Collider, ILC, with polarized beams, in testing DM scenarios providing an interpretation of the recently reported GC gamma-ray excess.

For our investigation we will consider simplified scenarios (see also \[[@CR18]--[@CR28]\] for similar approaches) in which a fermionic (Dirac or Majorana) WIMP DM, with mass in the range $\documentclass[12pt]{minimal}
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                \begin{document}$$50\,\text{ GeV }$$\end{document}$, favored by the GC signal, is coupled either with SM mediators, namely the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ boson or the Higgs, or with BSM mediators, namely $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$, scalars and pseudoscalar states from an extended Higgs sector. We will also apply to these scenarios the constraints from LUX, the invisible *Z* width from LEP1 and the invisible H width from LHC. We also remark that direct production at linear colliders of the mediators allows for the observation of distinctive signatures, in the form of resonances, and to profit of the optimal capability of mass reconstruction of these kind of colliders.

The paper is organized as follows. In Sect. [2](#Sec2){ref-type="sec"} we will summarize the main information regarding the Galactic Center (GC) excess and state the kind of scenarios which we are going to analyze. Section [3](#Sec3){ref-type="sec"} and 4 will then be dedicated, respectively, to $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$ portal scenarios. After a brief review of the SM Higgs portal case we will investigate two cases of extensions of the Higgs sector, namely the addition of a scalar and a pseudoscalar Higgs singlet and a two Higgs-doublet scenario. After this we will state our conclusions.

The galactic center photon excess {#Sec2}
=================================

A recent study \[[@CR5]\] has reported the existence of $\documentclass[12pt]{minimal}
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                \begin{document}$$\gamma $$\end{document}$-ray excess from the GC which could be interpreted as the signal of the annihilation into $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{b} b$$\end{document}$ final states of a DM with mass of approximately 35 GeV or the democratic annihilation into SM fermions of a 25 GeV mass DM. In both cases the required value of the DM annihilation cross section is of the order of the cosmologically favored value $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \sigma v \rangle \sim 3 \times 10^{-26} {\text{ cm }}^3/s$$\end{document}$ \[[@CR29]\]. A more recent thorough analysis \[[@CR30]\] has confirmed this excess but favoring a slightly higher value of the DM mass, $\documentclass[12pt]{minimal}
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                \begin{document}$$49 \pm 6$$\end{document}$ GeV.

This annihilation process can be interpreted through several combinations of DM particles and mediators (see e.g. \[[@CR31]\] for a rather extensive classification).

In the case of SM mediators, like the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z$$\end{document}$ and the Higgs, such low values of the DM mass require one to take into account existing accelerator limits on the invisible decay of these particles. Moreover, it is necessary to cope with the strong limits provided by the LUX experiment for spin-independent (SI) interactions, which reaches its full sensitivity in the mass region claimed for the Fermi-LAT signal. Recall, however, that the SI cross section limits assume coherent recoil of the nucleus caused by the DM scattering. For heavy nuclear targets, the coherent scattering increases the cross section by the square of the atomic number. This is not the case for the spin-dependent (SD) cross section, which occurs through coupling to the spin content of the nucleus, meaning that the cross-section limits are about four orders of magnitude weaker than for SI. As a consequence sensitively weaker constraints would be obtained in the case in which the DM features only spin-dependent interactions with the nucleon. This is, for example, the case of a Majorana DM coupled with a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z/Z^{'}$$\end{document}$ mediator. In this case, indeed, the only possible coupling is axial, which induces only the spin-dependent component in the DM scattering cross section.

This choice, however, leads to a velocity-dependent pair annihilation cross section. In such a case it is not possible to achieve at the same time the correct DM relic density and reproduce the GC signal because of the very different values of the DM velocity at the time of decoupling and at present times. A possible way out could be provided by the presence of extra interactions leading to a Sommerfeld enhancement of the annihilation cross section at low velocities \[[@CR32]--[@CR34]\].
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                \begin{document}$$Z^{'}$$\end{document}$ scenarios it is possible to have suppressed DD cross section also for DM by choosing a suitable combination of the couplings. For example, it is possible to assume that the DM is coupled only vectorially with the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$ and the latter only axially coupled with SM fermions.

Alternatively one can assume that the DM is axially coupled with scalar/pseudoscalar mediators. The case of the SM is already excluded by LHC limits since, in order to reproduce the GC excess, a too large invisible decay width of the Higgs is needed. An extended Higgs sector can provide instead viable solutions.

We remark that in all the mentioned scenarios, in particular the ones with BSM mediators, the dark matter candidate is assumed to be lighter than the mediator of its interactions with the Standard model states. If this is not the case $\documentclass[12pt]{minimal}
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                \begin{document}$$2 \rightarrow 3$$\end{document}$, production of on-shell vector or scalar/pseudoscalar states, with the latter subsequently decaying into $\documentclass[12pt]{minimal}
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                \begin{document}$$b \bar{b}$$\end{document}$ pairs, may be relevant and possibly account for the GC signal. This scenario is extensively discussed e.g. in \[[@CR35]\] and it is shown that DM candidates with masses above 100 GeV are favored. As already mentioned we will focus, in this work, on lighter dark matter candidates and we will implicitly assume, unless explicitly stated, that the production of mediators from dark matter annihilations is kinematically forbidden.

We report in Table [1](#Tab1){ref-type="table"} three scenarios which can be hardly probed by DM direct detection: Majorana DM + $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$ mediator, Dirac DM with vectorial coupling to a $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$ only axially coupled to SM fermions and Majorana DM coupled to a pseudoscalar mediator. On the contrary these scenarios can be covered by LHC searches and, as will be discussed below, complementary information can be provided by $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+ e^-$$\end{document}$ colliders.Table 1Summary of main scenarios considered in this workDMMediatorInteractionDirectLHCMajorana$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z/Z^{'}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{X}\gamma ^\mu \gamma _5 X$$\end{document}$,$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{f}\gamma ^\mu \gamma _5 f$$\end{document}$YesYesDirac$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z^{'}$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{X}\gamma ^\mu X$$\end{document}$,$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{f}\gamma ^\mu \gamma _5 f$$\end{document}$NoYesMajorana$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$A$$\end{document}$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{X}\gamma _5 X$$\end{document}$,$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\bar{f} \gamma _5 f$$\end{document}$NoYes

*Z* portal {#Sec3}
==========

Thermal freeze-out {#Sec4}
------------------

For masses in the range relevant for the GC signal the DM annihilates into fermion pairs through *Z*-boson exchange in the s channel. This process is described by the following lagrangian:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \mathcal {L}&=\left[ a \bar{X}\gamma ^\mu \left( g_V^X +g_A^X \gamma _5 \right) X\right] Z_\mu \nonumber \\&\quad + \left[ \bar{f}\gamma ^\mu \left( g_V^f +g_A^f \gamma _5 \right) f\right] Z_\mu \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$a=1(1/2)$$\end{document}$ for Dirac (Majorana) DM (In the case of Majorana DM $\documentclass[12pt]{minimal}
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                \begin{document}$$g_V^X=0$$\end{document}$.). As shown in \[[@CR36]\] the value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$g_V^X$$\end{document}$ should be extremely suppressed because of the limits from LUX. For simplicity we will thus focus on the case of a Majorana DM. Neglecting fermion masses, at decoupling one has$$\documentclass[12pt]{minimal}
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                \begin{document}$$v^2 \sim 0.24$$\end{document}$. Notice that this expression is valid only away from the $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\chi \sim m_Z/2$$\end{document}$, where one should rely on a more refined computation \[[@CR37], [@CR38]\].

We show in Fig. [1](#Fig1){ref-type="fig"}, the dependence of the axial coupling with respect to $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X$$\end{document}$. This curve, which relies on the exact expression of the annihilation cross section, without performing the velocity expansion, differs appreciably, up to a factor 2 at resonance, from our analytical estimation. This detail is of importance since the GC signal favors DM masses close to the resonance.Fig. 1Predicted axial coupling of *Z* to Majorana DM fermions versus their mass. The *blue dashed curve* comes from the *Z* invisible width limit from LEP1

Annihilation signal from the galactic center {#Sec5}
--------------------------------------------

After decoupling, our universe cooled down and, at present, the velocity of DM is $\documentclass[12pt]{minimal}
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                \begin{document}$$v=0.001$$\end{document}$. This means that the annihilation cross section previously computed becomes completely negligible and therefore unable to explain the indirect signal observed by Fermi-LAT. Note, however, that our calculation of the annihilation cross section has neglected the $\documentclass[12pt]{minimal}
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                \begin{document}$$ v\rightarrow 0$$\end{document}$. Taking into account this term we can relate the annihilation cross section at present times with the one at freeze-out as$$\documentclass[12pt]{minimal}
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                \begin{document}$$b \bar{b}$$\end{document}$, thus satisfying \[[@CR5]\]; however, the annihilation cross section is $\documentclass[12pt]{minimal}
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                \begin{document}$$O(10^3)$$\end{document}$ times smaller than the value at freeze-out.
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                \begin{document}$$Z$$\end{document}$-portal scenario thus appears to be inconsistent with the GC excess. We will nonetheless retain it, assuming the presence of a low velocity Sommerfeld enhancement of the annihilation cross section.

The *Z* invisible width and the ISR measurement. {#Sec6}
------------------------------------------------

The *Z* invisible width has been very precisely measured at LEP1 and can be modified if there is a substantial decay of *Z* into *X* Majorana fermions. One has$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \Gamma (Z \rightarrow \bar{X} X)=\frac{|g_A^X|^2 v^3 m_Z}{24 \pi } \end{aligned}$$\end{document}$$where$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} v=\sqrt{1-\frac{4 m_X^2}{m_Z^2}}. \end{aligned}$$\end{document}$$Using the upper limit of 2 MeV for the BSM invisible by LEP1, one can exclude solutions with $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X<27$$\end{document}$ GeV, which is compatible with the interpretation given in \[[@CR5]\]. For a Dirac fermion, with an axial coupling, one has $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X<28.5$$\end{document}$ GeV for a Majorana fermion.

An alternative method uses radiative return to the *Z* peak by running at a circular collider \[[@CR39]\] above this peak, at maximum integrated luminosity. Systematical errors represent a limitation, however, as argued by \[[@CR39]\], using the leptonic modes for normalization, one can remove most uncertainties. This approach could achieve up to an order of magnitude accuracy improvement. Even then, the invisible *Z* width method can only cover masses up to 35 GeV.

In the *Z* portal scenario, LEP results can exclude a Majorana fermion with mass below $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X=27$$\end{document}$ GeV, insufficient to interpret/exclude the GC photon excess. Future $\documentclass[12pt]{minimal}
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                \begin{document}$$m_X=35$$\end{document}$ GeV. For what concerns LHC, given the predicted branching ratio of *Z* into DM, no observable signal can be seen by the monojet search above the large background due to *Z* decays into neutrinos.
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Scenario 2 {#Sec9}
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As will be explained in the next subsection, in order to comply with current LHC limits, it is necessary, in both scenarios, to have a $\documentclass[12pt]{minimal}
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The ISR approach at ILC {#Sec10}
-----------------------
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One can also assume an improved polarization \[[@CR43]\] with respect to the base line ILC parameters: $\documentclass[12pt]{minimal}
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From Fig. [2](#Fig2){ref-type="fig"}, one concludes that this method allows one to measure the $\documentclass[12pt]{minimal}
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Comparison with LHC {#Sec11}
-------------------
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Figures [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"} summarize, fixing $\documentclass[12pt]{minimal}
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If LHC observes only an excess at large $\documentclass[12pt]{minimal}
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In conclusion, for the invisible $\documentclass[12pt]{minimal}
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In scenario 2, the DM being a Majorana fermion, the decay width of the $\documentclass[12pt]{minimal}
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SM Higgs portal {#Sec12}
===============

An interaction between a SM singlet fermionic DM and the SM Higgs can be achieved, contrary the case of a scalar DM (see e.g. \[[@CR55]\] for a recent update in experimental constraints), by means of the following dimension-5 operators:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \sigma v=\frac{3 m_b^2 |\lambda _P^X|^2 s}{16 \pi v_h^2 {\left( s-m_h^2\right) }^2} \end{aligned}$$\end{document}$$where we have not included the Higgs width in the propagator, since we are focusing on DM masses in the range 30--50 GeV, compatible with the GC excess, still far enough from resonance, and we have performed the rescaling $\documentclass[12pt]{minimal}
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                \begin{document}$$\Gamma _{h,\,\mathrm{inv}}=8\,\text{ GeV }$$\end{document}$, which largely exceeds the SM expectation of 4 MeV of the total width of the Higgs. As a consequence the SM Higgs portal cannot explain the Fermi-LAT excess.

It is anyway worth investigating whether $\documentclass[12pt]{minimal}
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                \begin{document}$$e^{+}e^{-}$$\end{document}$ can probe higher values of the DM mass, above the kinematic threshold of the Higgs decay, possibly renouncing to the explanation of the GC excess.

As the DM mass increases, the coupling to the DM should rapidly vanish in order to comply with the correct DM relic density. For $\documentclass[12pt]{minimal}
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Higgs singlets {#Sec13}
==============

We now consider the case that the main interactions of the DM are with two Higgs singlets, $\documentclass[12pt]{minimal}
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As we notice the contribution from pure pseudoscalar mediation is not velocity suppressed. It is then possible to fit the GC signal in case this is the dominant contribution. This requirement is actually rather easy to fulfill since the couplings of the pseudoscalar are substantially irrelevant for DM direct detection \[[@CR31]\] while, on the contrary, scalar couplings are very severely constrained by LUX limits. Under our assumptions these translates into the requirement $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _a^X=0.5$$\end{document}$. This solution is very similar to the one obtained in NMSSM setups \[[@CR65]--[@CR67]\]. There is actually a slight mismatch between the annihilation cross section at freeze-out and at present time because of the thermal broadening \[[@CR37], [@CR38]\] of the width of the pseudoscalar. This mismatch can be solved by increasing the cross section at freeze-out, e.g. by adding an axial coupling between the DM and the $\documentclass[12pt]{minimal}
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The GC excess could be fitted, alternatively, in agreement with the DM relic density, in the case the annihilation channel $\documentclass[12pt]{minimal}
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Higgs doublets {#Sec14}
==============

The invisible A scenario {#Sec15}
------------------------

A larger variety of experimental signatures can be provided in a 2 Higgs-doublet scenario. Particularly interesting would be a type II two Higgs-doublet scenario \[[@CR68]\] (SUSY models belong to this category). Indeed in this setup we have a $\documentclass[12pt]{minimal}
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The DM annihilation cross section and the decay widths of the $\documentclass[12pt]{minimal}
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Figures [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} display the mass domain expected for this type of solution. The channel $\documentclass[12pt]{minimal}
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For what concerns H, which will serve to tag the presence of an invisible A, the standard decay mode is dominated by hh $\documentclass[12pt]{minimal}
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Figure [10](#Fig10){ref-type="fig"} shows the expected recoil mass distribution obtained using, for the $\documentclass[12pt]{minimal}
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The invisible A scenario at LHC {#Sec16}
-------------------------------
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An alternative detection strategy for an invisible $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$. One may, of course, hope that other signals due to a two-doublet scenario will give direction as to the interpretation.Fig. 11Diagram relative to the DM pair production process in association with a b-jet as proposed in \[[@CR75]\]

Conclusions {#Sec17}
===========

We have considered some simple DM scenarios, possibly providing an interpretation of the recently reported $\documentclass[12pt]{minimal}
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                \begin{document}$$\bar{b} b$$\end{document}$ it is not possible to reproduce the GC excess, unless extra effects like the Sommerfeld enhancement are invoked, since the velocity dependence of the annihilation cross section implies a strong mismatch between the present time and decoupling values. The invisible *Z* width is the most sensitive SM observable to monitor this scenario. With the accuracy given by LEP1, one can already disfavor $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$. Generally speaking, the ISR technique in $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$e^+e^-$$\end{document}$ provides a powerful tool to detect DM, provided that one can run this collider with highly polarized beams to eliminate the $\documentclass[12pt]{minimal}
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In the case of scalar mediators the SM Higgs is ruled out by limits from DM Direct Detection and invisible decay width of the Higgs itself.

Interactions mediated by a pseudoscalar Higgs single state are a rather simple and economic way to account for the GC excess. This state can be lighter than the SM Higgs boson and then observed in its decays. Associate production of this particle with a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ boson is observable in a $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$ collider down to a high sensitivity.

A larger variety of collider signatures in the case the pseudoscalar state is achievable in a two-doublet Higgs extension of the SM. Moreover, in this kind of scenarios it is possible to naturally achieve a DM mostly annihilating into bottom pairs. In this kind of scenario the DM is assumed to couple exclusively with the pseudoscalar component of the Higgs spectrum which decays mostly invisibly. It can be observed at a TeV $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$ collider in associated production with the heavy scalar boson $\documentclass[12pt]{minimal}
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                \begin{document}$$H$$\end{document}$ and its mass and decay width can be measured with high precision.

The interpretation of the GC excess seems to disfavor SM particles as mediators of the DM interaction. If this excess would be confirmed it would provide an indication of the existence of extra particles, besides the DM, beyond the SM. Although several scenarios can already tested at LHC, a TeV $\documentclass[12pt]{minimal}
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                \begin{document}$$e^+e^-$$\end{document}$ collider would provide an essential tool for a precise measurement of the relevant parameters.

**Note added:** Soon after the completion of this work new analyses \[[@CR77], [@CR78]\] have shown that the GC excess is compatible with a broader range of DM masses and final state annihilation channels. These results are especially relevant in scenarios of Higgs mediators. Contemporary other possible $\documentclass[12pt]{minimal}
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                \begin{document}$$Z^{'}$$\end{document}$ scenarios accounting for the GC excess have been presented in \[[@CR79]\].

Conscious that an UV realization of this kind of framework could be challenging, we keep our analysis at the low energy level.
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